Age-related dysfunctions in cholinergic and dopaminergic neuromodulation are assumed to contribute to age-associated impairment of explicit memory. Both neurotransmitters also modulate attention, working memory, and processing speed. To date, in vivo evidence linking structural age-related changes in these neuromodulatory systems to dysfunction within or across these cognitive domains remains scarce. Using a factor analytical approach in a cross-sectional study including 86 healthy older (aged 55 to 83 years) and 24 young (aged 18 to 30 years) adults, we assessed the relationship between structural integrity-as measured by magnetization transfer ratio (MTR)-of the substantia nigra/ventral tegmental area (SN/VTA), main origin of dopaminergic projections, basal forebrain (major origin of cortical cholinergic projections), frontal white matter (FWM), and hippocampus to neuropsychological and psychosocial scores. Basal forebrain MTR and FWM changes correlated with a factor combining verbal learning and memory and working memory and, as indicated by measures of diffusion, were most likely due to vascular pathology. These findings suggest that frontal white matter integrity and cholinergic neuromodulation provide clues as to why age-related cognitive decline is often correlated across cognitive domains. 
Introduction
Age-related decline in learning and memory, often termed age-associated memory impairment (AAMI) (Crook et al., 1986) , is a well-documented finding in healthy older adults (Balota et al., 2000; Cabeza et al., 2000; Craik, 1994; Salthouse, 2003) , but the neurobiological correlates of this decline are still under debate. A consistent pattern of AAMI is a decrement in declarative memory (Tulving, 1985) most clearly apparent in impaired free recall and recollection (Buckner, 2004; Craik, 2006; Hedden and Gabrieli, 2004; Nilsson, 2003) . Evidence from lesion studies in humans and animals indicates that declarative memory is critically dependent on the integrity of the medial temporal lobe (MTL) structures, including the hippocampus and adjacent rhinal cortex (Abe et al., 2004; Mishkin et al., 1997) and the prefrontal cortex (Stuss and Levine, 2002) . Therefore, recent studies have sought to investigate the relationship between structural age-related degeneration of gray and white matter in these regions and learning and recall (Brickman et al., 2007; Buckner, 2004; Craik, 2006; Mungas et al., 2005; Schiltz et al., 2006) . However, it has also been pointed out that AAMI is not only a result of degeneration of prefrontal and MTL regions but also a result of age-related dysfunction in cholinergic (Mesulam, 2004b) and dopaminergic (DA) (Backman et al., 2006) neuromodulation. The focus of the present study is on these neuromodulatory influences. An important issue in this context is the observation that, aside from declarative memory, other cognitive faculties also show age-related decline and have been shown to be correlated with learning and memory performance in aging, in particular measures of executive functions (Kray and Lindenberger, 2000; Parkin and Java, 1999) , working memory (Baddeley et al., 1999) , and processing speed (Salthouse, 2000) . A correlated dysfunction across different cognitive domains could indicate distributed structural degeneration such that the different brain regions mediating different cognitive functions undergo correlated agerelated degeneration. Another possibility that could act either in isolation or in addition to a distributed pathology could be dysfunction in neuromodulation. Major cholinergic and dopaminergic projections originate in circumscribed brain regions of the basal forebrain and the midbrain but critically modulate function in distributed brain regions and across several cognitive domains. Relatively localized structural changes in the origins of cholinergic and dopaminergic neuromodulation could thus have widespread and relatively unspecific cognitive consequences.
Both dopaminergic and cholinergic neuromodulation play a critical role in learning and recall. There is converging evidence that dopamine plays a role not only in reinforcement learning but also in hippocampus-dependent declarative memory formation (Adcock et al., 2006; Lisman and Grace, 2005; Schott et al., 2006; Wittmann et al., 2005) . As in animals (Lisman and Grace, 2005) , also the human SN/VTA responds to stimulus novelty even in the absence of reward (Bunzeck and Duzel, 2006) . These data provide evidence in favor of a recent model suggesting a functional hippocampal-SN/VTA loop of novelty processing and encoding (Lisman and Grace, 2005) . Prefrontal dopaminergic neuromodulation is also held to be critical for attention (Robbins and Roberts, 2007) and for the ability to maintain and manipulate stimulus information online in working memory (Wang et al., 2004; Williams and Goldman-Rakic, 1995) . Cortical and hippocampal cholinergic innervation derives almost exclusively from the basal forebrain (medial septal nucleus, diagonal Band of Broca and Nucl. Basalis of Meynert, NBM) (Mesulam, 2004a) . A number of pharmacological and lesion studies in humans and animals show that cholinergic neuromodulation is critical for learning and memory (Chudasama et al., 2004; Drachman and Leavitt, 1974; Sarter et al., 2005; Tang et al., 1997; Turchi et al., 2005; Warburton et al., 2003) and for regulating and maintaining attention possibly by enhancing the response to sensory input (Hasselmo and Giocomo, 2006; Mesulam, 2004a) . Also, cholinergic neuromodulation is implicated in the ability to maintain stimulus information online in working memory (Hasselmo and Stern, 2006) . Both dopaminergic and cholinergic neuromodulation undergo age-related degeneration (for reviews, see Backman et al. (2006) ). Human autopsy data indicate a 3% age-related decrease in dopamine D1 (Cortes et al., 1989; Rinne et al., 1990; Seeman et al., 1987) and D2 receptors (Seeman et al., 1987) per decade. There is a 2% to 6% loss of dopaminergic neurons in the SN/VTA per decade (Fearnley and Lees, 1991) , and this loss is correlated with the decrease in striatal dopamine availability (Snow et al., 1993) . In older adults, behavioral deficits in episodic memory are better accounted for by D2 receptor binding than by age (Backman et al., 2000) . Recently, Bunzeck et al. (2007) quantified age-related structural degeneration of the mesolimbic system in healthy elderly using magnetization transfer ratio (MTR) and correlated it with mesolimbic hemodynamic responses (HRs) to stimulus novelty. Their findings support the model of a hippocampal-SN/VTA loop of mesolimbic novelty processing by showing that the hemodynamic activation in SN/VTA and hippocampus for novelty is selectively affected by agerelated degeneration of these structures. In the cholinergic system, neurons in the NBM are very prone to accumulate neurofibrillary tangles (Mesulam, 2004a,b) , such that tangles in this region are also observed in healthy elderly people (Mesulam, 2004b; Sassin et al., 2000) . Even in the absence of neuronal loss, the accumulation of such tangles in the NBM can be associated with a decrease in cholinergic neurotransmission as revealed by postmortem counts of cholinergic axons (Geula and Mesulam, 1989) and by in vivo SPECT mapping of cholinergic terminals (Kuhl et al., 1996) . In animal studies (e.g., Weible et al., 2004; Woodruff-Pak et al., 2001 ) and in patients with Alzheimer's disease cognitive improvement can be achieved by nicotinergic as well as muscarinic receptor action (Oh et al., 2005; Raskind et al., 2000; Tariot et al., 2000) .
To our knowledge, it is so far unclear whether in vivo agerelated structural changes of cholinergic and dopaminergic projection systems provide an explanation for the unspecific nature of age-related cognitive impairment in aging. To address this issue, we investigated to what extent degeneration of SN/VTA and basal forebrain as quantified using MTR (Bunzeck et al., 2007 ) is related to age-associated decline in list learning and recall, working memory span, processing speed, and attention.
Another important aspect in studying the relationship between cognitive performance and brain structure is to control for non-cognitive variables related to health and lifestyle. It is possible that cognitive function and brain structure are cumulatively affected by individual health behavior, years of education, wealth, the ability to cope with stress, personality traits, and indicators of physical health such as body mass index (BMI) (Backman et al., 2006; Colcombe et al., 2003; Craik, 2006; Lindenberger and Baltes, 1997; Salthouse, 2003; Singh-Manoux et al., 2004; Smith, 2003; Springer et al., 2005) . Therefore, we also examined the influence of psychosocial and physical health factors on cognitive and structural variables. We used a factor analytical approach to determine which cognitive and psychosocial functions undergo correlated changes in a group of healthy older adults and assessed the correlations between factor scores and regions structural integrity.
Results

Health status
None of the older and young participants had serious health problems, or obsessive alcohol or tobacco consumption, while 30% were current or former smokers. For the older adults, the mean BMI was 26.0 (SD = 3.7) and for the young adults 23.3 (SD = 3.7). For the older adults, data from the Health survey (SF12) were used to calculate mental (mean = 56.1, SD = 5.9) and physical health composite scores (mean = 47.8, SD = 7.8). The younger group had a mean of 47.5 (SD = 10.6) for the mental and a mean of 54.9 (SD = 3.9) for the physical health scores. The physical complaints of the older group (mean = 140.0, SD = 36.0) derived from the FBL questionnaire did not differ from the younger group (mean = 145.2, SD = 33.0) (P > 0.2).
Mental health
All of the older participants scored within the normal range of both, the Geriatric Depression Scale (mean GDS = 1.2, SD = 1.0) and Mini-Mental State Examination (mean 29.2, SD = 0.7).
Individual psychosocial variables
Within the stress-coping scores, older adults showed a mean of 12.7 for positive coping strategies (SD = 2.0) and a mean of 8.5 (SD = 2.5) for negative coping strategies. The sense of coherence (SOC) mean score was 149.3 (SD = 13.9), which is similar to previous observations in this age group (Eriksson and Lindström, 2005) .
Demographic variables
Older adults had an average of 15 ± 4 in years of education and a job prestige average of 85 ± 40. 
2.5.
Cognitive performance
Compared to the younger group, older participants achieved lower scores on all neuropsychological measures (Table 1) . Age-related performance differences were particularly pronounced in tests of verbal (CVLT) and nonverbal (DCS) learning and memory, sustained attention and processing speed (d2) and both, motor speed and attention functions (TMT).
Factor analysis
Three factors with eigenvalues exceeding 1.0 were extracted and accounted for 22.9, 14.5, and 10.5 (sum 48%) of the total variance respectively. Singularity and multicollinearity were absent in this data set. Table 2 shows the loading coefficients of the variables with the three factors as well as the commonalities. To assist the interpretation of the factors, only coefficients greater than 0.50 were considered and only these are shown in Fig. 1 -Loading coefficients of neuropsychological and psychosocial variables of the three factors from the factor analysis (see also Table 2 ) and their correlation with structural measures and age. Legend: the loading coefficients (higher than 0.50) are shown in the top of the figure. The left diagram in the middle displays the correlation between factor 3 (loaded on verbal learning, working memory span, and subjective mental well-being) and right basal forebrain MTR (N = 72). The right diagram in the middle depicts the correlation between factor 3 and left frontal white matter MTR (N = 73) and is depicted in the bottom of the figure. The correlation between factor 3 and age is depicted in the bottom of the figure.
the table. As shown in Table 2 and also Fig. 1 , factor 1 loaded with psychosocial variables (years of education, job prestige, sense of coherence) only and negatively also with BMI. Items testing verbal fluency and vocabulary knowledge loaded on factor 2. Measures of verbal learning and memory and working memory span (DS span) loaded positively on factor 3, whereas subjective mental well-being showed a negative loading.
Structural data
The mean magnetization transfer ratio (MTR) values, diffusion coefficients, and anisotropy indices of the ROIs from SN/VTA, hippocampus, basal forebrain, and frontal white matter are summarized in Table 3 . Within the group of older adults, none of the MTR values showed a correlation with age (all P-values > 0.2). Note that statistical comparisons between the ROIs measures of the older adults and the young adults will be reported elsewhere as this requires matching a subsample of the older adults with our young adults for gender.
2.7.1. Multiple regression analyses and correlations between factor scores and regional MTR Z-scores for each of the four factors from the factor analysis were calculated for each subject by utilizing the linear equation derived from principal components extraction. Three stepwise multiple-regression analyses were calculated with one of the three factors as dependent variables and eight MTR values from our ROIs as independent variables. Significant relationships between dependent and independent variables were followed-up by Pearson's correlations (twotailed) between the corresponding factor score and regional MTR measure. Here, a Bonferroni correction was implemented for the number of follow-up comparisons plus additional correlations between the factors and age.
For factor 1 as independent variable, a significant model emerged (F 1,70 = 4.1, P = 0.044) including the predictor right SN/ VTA MTR explaining about 4% of factor 1 variance (adjusted R-square = 0.044, standardized Beta = 0.24). No significant model emerged for factor 2. For factor 3 as independent variable, a significant model emerged (F 2,70 = 7.66, P = 0.001) including the predictors right basal forebrain and right FMW MTR and explaining about 18% of factor 3 variance (adjusted R-square = 0.18, standardized Betas right basal forebrain MTR = 0.26, right FWM MTR = 0.27).
Follow-up Pearson's correlations were calculated using a Bonferroni correction for three follow-up correlations plus three correlations between age and the three factors (correction for 6 comparisons, P < 0.008). Given this criterion, the relationship between right SN/VTA MTR and factor 1 was not significant (P =0.046, r = 0.234, N = 73). Right basal frontal MTR and right FWM MTR correlated significantly with factor 3 ( Fig. 1 ; P =0.008, r =0.311, N = 72). Age correlated negatively with factor 3 ( Fig. 1 ; P = 0.002, r = −0.349) but not with factor 1 or 2.
2.8.
Relationship between regional MTR and diffusion (ADC) and MTR and anisotropy (RA)
In order to better understand the tissue changes underlying regional MTRs, we assessed the correlation between MTR and diffusion and anisotropy from the same individual regions of interest. In the older adults, MTR and diffusion were negatively correlated in all ROIs (Table 4 ) but survived Bonferroni correction (for 4 ROIs entering the correlation) only in the basal forebrain and FWM, suggesting that in those regions, MTR decreases were related to similar structural changes that also lead to increases in diffusion, which are widely held to reflect vascular pathology. Anisotropy, however, was not correlated with MTR in any of the ROIs (Table 4) .
Discussion
We found that CVLT total performance in the older adults loaded on the same factor as working memory span (factor 3) and was distinguished from measures of verbal fluency and vocabulary knowledge (factor 2; Fig. 1 ). This confirms existing behavioral evidence suggesting that individual differences in long-term memory correlated with individual differences in working memory (Park et al., 2002 (Park et al., , 1996 Verhaeghen and Salthouse, 1997) . Although verbal fluency tasks are commonly used neuropsychological indicators of frontal lobe dysfunction (Bryan and Luszcz, 2000) , which are particularly sensitive Legend: The second column of each correlation indicates the statistical significance (P-value). Asterisks indicate significant correlations at P < 0.0125 (two-tailed, Bonferroni corrected to account for 4 ROIs). to aging (Glisky et al., 1995 (Glisky et al., , 2001 ), they did not load on the same factor as verbal learning and memory and the respective factor (factor 2) was not correlated with frontal white matter integrity in our study. The factor 3 (CVLT total, working memory span) correlated with right basal forebrain MTR (Fig. 1 ) as well as with right frontal white matter MTR (Fig. 1) , suggesting that integrity in these regions affects these two cognitive functions similarly and is not selectively linked to learning and memory.
In this study, we used MTR as a measure of structural integrity. Magnetization transfer (MT) in tissue relates to the exchange of proton magnetization between mobile water protons and protons that are immobilized by macromolecules (Wolff and Balaban, 1989) . In patients with multiple sclerosis, reductions in MTR can be observed even if other imaging modalities, such as T2-and T1-weighted imaging show no abnormality making it particularly sensitive in detecting early abnormalities of normal appearing tissues including white matter (Audoin et al., 2004; Fernando et al., 2005; Iannucci et al., 2000; Traboulsee et al., 2002) and cortical (Fernando et al., 2005) as well as deep gray matter (Audoin et al., 2004) . MTR reductions in normal appearing white matter might be due to astrocytic proliferation, perivascular inflammation, demyelination (Rademacher et al., 1999) , and loss of axonal density (van Waesberghe et al., 1999) as well as vascular insults (Fazekas et al., 2005) . MTR reductions in normal appearing gray matter could be due to trans-synaptic morphological abnormality secondary to afferent demyelinating lesions (Audoin et al., 2006) .
Finally, in healthy older adults, MTR of the cortex shows a negative correlation with age and the age-related reduction is stronger than that of white matter, suggesting that MTR is sensitive to age-related changes in gray matter structures (Benedetti et al., 2006; Fazekas et al., 2005) . Although it is now widely acknowledged that MT imaging offers new opportunities for the assessment of structural integrity (Helms et al., 2009) , data on the relationship between MTR and cognitive functioning in aging are scarce (e.g., Deary et al., 2006; Duzel et al., 2008) .
In our study, the MTR decreases in the frontal white matter and basal forebrain were likely to be related to vascular pathology because they were negatively correlated with diffusion (ADC, Table 4), a measure that is known to be sensitive to capillary expansion, swelling of perivascular spaces, and vascular insults (Moseley, 2002; Pfefferbaum et al., 2003; Raz and Rodrigue, 2006; Wozniak and Lim, 2006) . Previous studies of WM tract integrity have reported reduced FA in healthy elderly subjects most prominently in FWM and the corpus callosum (Head et al., 2004; Pfefferbaum et al., 2005; Salat et al., 2005; . In our study, MTR was not correlated with FA. One reason for this finding could be that the white matter ROIs, which we included in our analyses, were likely to be quite heterogeneous in terms of fiber directions. Hence, for our ROIs, ADC, by being insensitive to directionality of diffusion, may have been a more sensitive measure of pathology. Of course, our data are still well compatible with the possibility that FA in FWM shows a decline in healthy older adults. Furthermore, with respect to age-related changes in the hippocampus, Raz et al. (2005) , in very elegant longitudinal studies, have reported a decline in hippocampal volumes. Although we have not observed a correlation between hippocampal MTR and age, such correlations have been weak and inconsistent also in previous cross-sectional volumetric studies of the hippocampus (e.g., Szentkuti et al., 2004) . Hence, our negative cross-sectional finding of a relationship between hippocampal MTR and age (and hippocampal MTR and factor scores) does not rule out the possibility that hippocampal MTR values would decline longitudinally.
Health and psychosocial variables
Research on the impact of health and lifestyle factors on cognition is multifaceted and undertaken at many levels of analysis (Lovden et al., 2005) . There is preliminarily evidence suggesting that age-related decrements in certain cognitive functions may be mitigated in intelligent, cognitively active individuals (Craik, 1971; Rowe and Kahn, 1987; Shimamura et al., 1995) , but there is little consensus about the precise nature of the relationship between health and psychosocial variables and cognition in aging. With regard to memory, the only psychosocial variable that loaded on the same factor as CVLT total (factor 3) was the subjective mental well-being score (Fig.  1) . Interestingly, subjective mental well-being loaded negatively with CVLT total. We believe that this negative relationship is due to the autobiographic nature of the questions about subjective well-being used in the health survey questionnaire, which requires recall of subjective restrictions of health and well-being over the preceding 4 months. It is conceivable that participants with good memory performance had more detailed memory about negative restrictions in their recent past and therefore reported more negative symptoms than individuals with poor memory. Aside from this relationship, neuropsychological variables and psychosocial variables were largely separated into different factors (psychosocial = factor 1, neuropsychological = factors 2 and 3).
Factor 1 showed a relationship between years of education, job prestige, sense of coherence, and BMI (factor 1 in Fig. 1 , Table 2 ). Sense of coherence is regarded as a stable disposition of personality (Antonovsky and Sagy, 1986; Sagy and Antonovsky, 2000 ) that serves as a major coping resource for the preservation of health. Together, these data suggest that education and economic success and low BMI are related to an improved sense of control over one's environment but have no direct impact on standard neuropsychological test scores. Nevertheless, it is conceivable that factors related to job prestige, years of education, and BMI would allow individuals a higher level of cognitive functioning even in the face of declining verbal learning and memory. This relationship is shown in several studies of cognitive aging (Cabeza et al., 2002; Cournot et al., 2006; Plassman et al., 1995; Potter et al., 2008 Potter et al., , 2006 . Interestingly, factors loading on verbal fluency did not correlate with frontal white matter integrity or basal forebrain integrity in our study.
Conclusion
Our data highlight the importance of the basal forebrain, major origin of cholinergic neuromodulatory projections, and white matter integrity in understanding the cognitive profile of age-related memory dysfunction. They identify a neurobiological basis (basal forebrain and frontal white matter integrity) for the longstanding behavioral observation that working memory span is correlated with verbal learning and memory in age-related memory decline (Lindenberger and Ghisletta, (submitted) ; Wilson et al., 2002 ). An interesting avenue for the future will be to see whether such structural parameters of the integrity of neuromodulatory brain regions could motivate specific treatment strategies (e.g., using cholinergic agents). To that end, multimodal studies combining structural MRI with in vivo imaging of cholinergic (and also dopaminergic, see Duzel et al., 2008) neurotransmission could be helpful. Lifestyle and health factors such as job prestige, years of education, and sense of coherence influence cognitive aging but the impact of these factors on a number of cognitive variables including learning and recall seems weak.
Experimental procedures
Participants
Eighty-six older adults aged above 55 (mean age = 65 years, age range = 55-82 years, SD = 5.6 years, 36 males) and 24 young adults aged between 18 and 30 (mean age = 23 years, age range = 21-30 years, SD = 2.2 years, 8 males) participated in the study. All participants were native German speakers. Exclusion criteria for both groups were a history of neurological and psychiatric disorders, cerebral vascular disease, drug addiction, metabolic diseases like diabetes mellitus, metallic implants, tinnitus, obesity, a Geriatric Depression Scale with a depression score of more than five points (GDS ranges from 0 to 15; scores of higher than 11 indicate depression), a MiniMental State lower than 27 (MMSE ranges from 0 to 30; scores of lower than 25 are taken as indicators of pathology), and severe untreated hypertonia. Individuals with mild hypertonia according to the World Health Organization (WHO) and International Society of Hypertonia (ISH) classification (WHO and ISH, 1999) of hypertonia who were treated with one antihypertensive medication were eligible for participation in the study. The local ethics committee of the University of Magdeburg (Germany) approved the study. All participants gave written informed consent.
Procedure
Participants were recruited using local newspaper announcements. Initial screening for exclusion or inclusion criteria was done using a structured phone interview with around 120 volunteers. Eligible participants were invited for neuropsychological and psychosocial assessment including around 100 volunteers. After neuropsychological testing (duration of 90 min) participants completed psychosocial interviews and questionnaires (duration of 40 min). Four of the questionnaires were completed later at home and returned via mail. Immediately after neuropsychological and psychosocial testing, most participants underwent Doppler sonography of the extra-and intracranial vessels by a trained neurologist. Blood pressure was measured bilaterally, and a blood sample was taken for genetic studies (results are not reported here). If none of the exclusion criteria was met and audition and corrected vision was sufficient to allow neuropsychological testing, MR imaging was conducted within a week after neuropsychological and psychosocial assessment. Young participants were students or employees of Magdeburg University and contacted and selected according to the same criteria as the older adults.
Neuropsychological testing
The neuropsychological test battery was administered to each participant to provide an estimate of cognitive functioning including measures of learning and memory performance, attention/processing speed, working memory, verbal fluency, and vocabulary knowledge. The following neuropsychological tests were administered to all participants: The 'California verbal learning Test' (CVLT) (Delis et al., 1987) ; the 'Diagnosticum für Cerebralschädigung' (DCS) (Weidlich and Lamberti, 1993) ; the Digit Span test (digit span forward; digit span backwards); a word fluency assessment (adapted German version of the 'Controlled Oral Word Association Test' (COWAT) (Ruff et al., 1997) ; the 'Trail Making Test' part A and B (Reitan, 1992) ; the 'd2 test of Attention'; and the 'Mehrfachwahl-Wortschatztest' (MWT B, an estimate of general knowledge or 'crystallized intelligence') (Lehrl, 2005) . The Minimental status examination (MMSE) and the Geriatric depression scale (GDS) were administered to older adults only. For a detailed description of these neuropsychological tests see Supplementary material, paragraph 1.
Psychosocial assessment
In a job history interview, participants reported about their educational and qualification activities (including vocational training) from school onwards. This information yielded a score for "years of education", with higher values reflecting greater education attainment. Job prestige is a global indicator to measure a person's social position. The magnitude prestige scale (MPS) (Wegener, 1984) commonly used in Germany reflects a metric scale, which measures the social prestige of jobs. Before using MPS, all occupations needed to be encoded on the basis of the International Standard Classification of Occupations 1968 (ISCO-68). It has a mean of 63.8 (SD = 30.8).
The scale varies from a maximum of 186.8 for doctors to a minimum of 20 for non-educated workers. For the young participants, demographic variables were not assessed as they were still students.
Health variables
Self-reported history of health problems, health behavior, and social variables were assessed using a structured interview (questions adapted from the Berlin aging study, Baltes and Mayer, 1999) . The Freiburg list of physical complaints (Freiburger Beschwerdeliste, FBL) was used to measure the degree of physical complaints (Hiller, 1997) as an indicator of general health status. The FBL consists of 71 complaint items that yield nine scales plus the sum of complaints as the 10th scale.
A high score defines a high state of complaints. Individual physical and mental health was assessed using the German short-form SF12 Health Survey in the standard (4-week) recall version for self-administration (for a review of the reliability and validity of the SF12, see Ware et al., 1996) . Physical and mental health composite scores were calculated using the scores of twelve questions and range from 0 to 100, where 0 indicates the lowest and 100, the highest level of health. Both physical and mental health composite scales combine the 12 items in such a way that they compare to a national norm with a mean score of 50.0 (SD = 10.0). Body mass index (BMI) was obtained from each participant.
Individual psychosocial variables
We assessed positive and negative stress-coping behavior with a standardized German short-version questionnaire (SVF 78) (Janke et al., 2002) . As a multidimensional inventory of introspection, it assesses individual coping tendencies and distinguishes between stress-reducing (positive coping style) or stress-increasing (negative coping style) as well as mediating strategies (see Supplementary material, paragraph 2). We also acquired another individual coping resource labeled the "Sense of Coherence" (SOC) (Antonovsky, 1993) , which is known to indicate a stable personality disposition that serves as a major coping resource for the preservation of health (Antonovsky and Sagy, 1986; Sagy and Antonovsky, 2000) . The individual benefits of a high SOC should be the successful maintenance of personal balance and health in spite of stressful events, environmental demands, and threats (Antonovsky, 1987) .
Image acquisition
For both the young and older adults, a comprehensive structural data set was acquired in one MRI session.
T1-weighted anatomical images
For each subject, a T1-weighted sagittal 3D scan (contrastoptimized spoiled gradient-echo sequence, 124 slices, 256 × 256 pixel matrix, field of view (FOV) = 250 × 250 mm, slice thickness = 1.5 mm, TE = 8 ms, TR = 24 ms; flip angle = 30°, leading to a voxel size of 0.98 mm × 0.98 mm × 1.5 mm) was acquired. These images were later analyzed using optimized automatic segmentation procedures (Cools et al., 2001 ).
Combined Proton Density (PD)/T2 images
A series of intermitting T2-weighted and proton-density-(PD)-weighted transversal slices was acquired for each subject and subsequently separated into one T2 volume and one PD volume. Each volume had a resolution of 256 × 256 pixels in 44 slices, voxel size = 0.97 mm × 0.97 mm × 3.0 mm. These images were used to identify possible lesions from strokes or other brain diseases and for anatomical localization.
Diffusion tensor imaging
Diffusion-weighted images were achieved using a single-shot diffusion-weighted spin-echo-refocused EPI sequence (128 × 128 pixel matrix; FOV = 280 × 280 mm; TE = 70 ms; TR = 10000 ms; 39 slices; slice thickness = 3 mm; b-value = 1000 s/mm 2 ), acquired in 12 non-collinear gradient orientations,
each measured with the opposite diffusion gradient polarity. The orientations were chosen according to the DTI acquisition scheme proposed by Papadakis et al. (1999) . The total of 24 diffusion-weighted measurements, each an average of four measurements, were divided into four blocks, each preceded by a non-diffusion-weighted acquisition. The DTI images were eddy current corrected according to the correction scheme developed by Bodammer et al. (2004) , followed by a correction for head motion on the basis of the non-diffusion-weighted images using the AIR software package (Woods et al., 1998) . Diffusion tensors were calculated for each voxel by singular value decomposition and then decomposed into eigenvalues and eigenvectors. Based on the eigenvalues, the apparent diffusion coefficient (ADC) and relative anisotropy (RA) were computed. This post processing resulted in transversal ADC, RA, and mean B0 volumes, each with a resolution of 256 × 256 pixels in 39 slices, with a voxel size of 1.09 mm × 1.09 mm × 3.0 mm.
Magnetization transfer imaging
MT images (see Supplementary material, paragraph 3) were acquired by using two volumes with identical settings (transversal, 256 × 256 pixels, 48 slices, voxel size 0.98 mm × 0.98 mm × 3.0 mm). The first one (MT image) with a magnetic saturation pulse (1200 Hz off-resonance, 16 ms) and the second one without (noMT) a magnetic saturation pulse resulting in a PD-like image. Subsequently, the magnetization transfer ratio (MTR) maps for each subject were calculated on a voxel-by-voxel basis according to MTR = (noMT-MT)/noMT.
Regions of interests (ROIs)
Regions of interests were defined as follows (see Fig. 2 ).
Substantia nigra/VTA ROI (SN-ROI)
All boundaries of the substantia nigra/VTA were selected visually based on the intense contrast change between its bright gray color and the dark gray color of the adjacent tissue in the MT image. First the SN/VTA-ROI was defined as a whole and then later was divided into a medial (mSN/VTA-ROI) and lateral part (lSN/VTA-ROI) (Fearnley and Lees, 1991) . The upper limit of the SN/VTA-ROI was selected at a level of the superior colliculi where the cross sectional area of the SN/VTA appeared as an even bright gray-colored area in the MTimage, hence excluding voxels that directly flank the adjacent tissue. The anterior part of the SN/VTA-ROI was limited by the interpeduncular fossa and posterior borders were limited by the lateral side of the cerebral peduncle. The medial and lateral boundaries of the SN/VTA-ROI were extended until the contrast changed. The lower limit of the SN/VTA-ROI was identified as the last even gray-colored cross-sectional area. The total rostrocaudal extention of the ROI ranged between 3 and 4 axial slices (9-12 mm) depending on the individual size of the substantia nigra/VTA. According to the study of Fearnley and Lees (1991) , the medial and lateral parts of the SN/VTA-ROI were separated by deleting a diagonal line of voxels within the SN/VTA-ROI. The junctures of the diagonal were defined by the midpoint of the ventral side of the cerebral peduncle and its intersection with an imaginary line connecting the anterior and posterior intersection of the superior sagittal sulcus at an angle of about 45°. Note that Fearnley and Lees (1991) further subdivided into a ventral and dorsal tier, but the resolution of our MT imaging did not allow for such fine grained subdivision.
Hippocampal ROI (HC-ROI)
The upper boundary of the SN-ROI served as a reference for the upper limit of the HC-ROI. The anterolateral boundaries were defined by the extensions of the lateral ventricles. The medial-posterior part of the HC-ROI was limited by the transition into the entorhinal cortex. To exclude any voxels containing cerebrospinal fluid, a safety margin of about two voxels was left between hippocampal tissue and the surrounding structures. The rostro-caudal extension of the HC-ROI comprised 3 slices (9mm).
Basal nucleus ROI (BN-ROI)
The BN-ROI was outlined on coronal T1 images, because they provided better resolution in anterior-posterior direction than the MT images. The ROIs derived from the T1 images were then coregistered with the MT images. According to Selden et al. (1998) in which basal forebrain cholinergic cell groups were delineated immunohistologically, three slices in anterior (4.5 mm) and three slices in posterior direction (4.5 mm) with the anterior commissure as starting coordinate were selected. The lateral boundary of the external globus pallidus served as lateral limit for the BN-ROI, medially the ROI was defined by the medial boundary of the internal globus pallidus.
Frontal white matter (FWM-ROI)
One common ROI was defined on the average anisotropy image of all participants. The center of the ROI was placed in the white matter junction of the superior, medial, and inferior frontal gyri just anterior of the tip of the third ventricle and lateral to the corpus callosum. The ROI extended 1 cm in anterior-posterior and superior-inferior dimensions and around 3 mm laterally and medially. Care was taken that the ROI did not include any CSF in individual participants. To that end, the location of the ROI within individual brains was checked on both the normalized AI and ADC images of each participant. The ROI selection on individual MR data was conducted by S.S. and E.D. Both were blind with respect to age and sex of the participant. Interrater reliability could not be determined here because ROIs were not used for volumetric purposes.
Statistical analyses
Statistical analyses were performed using SPSS (version 11). The factor analyses were conducted for the older adults only and followed recommendations by Tabachnick and Fidel (1996) . The 12 scores that were submitted to factor analysis included 6-item scores from neuropsychological assessment including data regarding verbal learning and memory (CVLT total), working memory span (DS span), working memory manipulation (DS manipulation), attention/processing speed (D2), verbal fluency, knowledge, as well as scores from the psychosocial assessment; sense of coherence, mental health, positive stress coping, job prestige, and years of education. The selection of these parameters aimed to comprehensively represent relevant cognitive and psychosocial variables while at the same time avoiding the inclusion of redundant parameters (multicollinearity). Given the relative tendency of the Kaiser criterion (eigenvalues greater than 1) to overestimate the true number of components, we used the 'Measure of Sampling Adequacy' (MSA) to eliminate all variables that were not adequate for a factorial analysis by falling below a threshold of 0.5. This led to the elimination of sfv78pos (0.452). We then used the KaiserMeyer-Olking (KMO) measure as a test of sampling adequacy and Bartlett's test of sphericity. The KMO tests whether the partial correlations among variables are small, whereas the Bartletts test shows whether the correlation matrix is an identity matrix, which would indicate that the factor model is inappropriate.
For our variables, the KMO measure was 0.669, which is satisfactory for factor analysis and the Bartlett's test of sphericity is significant. The remaining 11 scores from the older adults were submitted to principal components extraction with Varimax rotation and factors with eigenvalues exceeding 1.0 were considered for further statistical analyses.
We used multiple regression analyses to identify how much variance of factors identified in the factor analysis was explained by single or combined regional MTR values and age. Dependent (or predicted) variables were factor scores and the eight independent (or predictor) variables in each model were left and right hemispheric MTRs from SN/VTA, hippocampus, basal forebrain, FWM, and age using the stepwise method (note that the ratio between number of subjects and predictor variables was > 5:1). Significant relationships between dependent and independent variables were followed-up by Pearson's correlations (two-tailed) between the corresponding factor score and regional MTR measure. Here, a Bonferroni correction was implemented for the number of follow-up comparisons plus additional correlations between the factors and age.
Statistical significance for the correlation analyses between factor scores and MTR values was based on two-tailed criteria, because it was not predictable whether psychosocial scores would correlate positively or negatively with MTR changes (a positive correlation was predicted for neuropsychological scores).
To reduce the problem of multiple comparisons, all our analyses were conducted using MTR values as a measure of structural integrity. Measures of anisotropy and diffusion were used to interpret the MTR changes rather than detecting additional correlations between cognitive and psychosocial variables and structural integrity.
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